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I. TINTRODUCTION

Pulsed chain reaction HF(DF) chemical lasers are generally initiated by Ei{:
either a flash lampl'3 or an electronmbeam discharge.t"7 The discharge gener- @fﬁ&;
ates fluorine atoms that initiate the Hy-F, (D,-F,) chain reaction. Scaling f. o
laws for the case where the flash lamp or electron-beam discharge time tp is Ei{fﬁ

short, compared with the laser pulse time tes have been presented.8 However,

flash lamp discharge times are generally of the order of the laser pulse time
(e.g., Reference 3). Although electron-beam discharge times can be short, R
compared with the laser pulse time, the effect of making these times of the sl
same order 1s currently being investigated experimentally.9 Hence, it is of :f:i
interest to determine the effect of the parameter tB/te on pulsed chain reac-

tion chemical laser scaling laws. Such a study is pursued herein. gftg

A pulsed chain reaction HF(DF) chemical laser is considered. The solu-
tion in Reference 8, which 1s applicable in the limit tB/te + 0, is general-

ized to consider tB/te = 0 (1). During the course of the present development, o

I it is assumed that the laser is saturated and that the following inequalities £
apply

tt/te K1, te/tp <1 (1)

i where te and tp denote an initial transient and the duration, respectively, of
the chain (pumping) reaction. These quantities are illustrated in Fig. 1.
Results are presented for a uniform (electron beam) and for a parabolic (flash
lamp) variation of fluorine atom production rate by the reaction initiating
discharge. The effect of a power law variation, with time, is also deduced. ;v::
Symbols are defined at the end of this report. Typlical values of 1initial e
reactant concentrations, rate coefficients, and reaction times are noted in i
Appendix A. These values confirm that the inequalities in Eq. (1) are gener-
ally satisfied.

e el e e e e e B iy SRSl D S
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Fig. 1. Characteristic Times for Electron-Beam Initiated :::-‘::;".j:
Pulsed Chain Reaction Chemical laser, tgp/t, = 0(1), LT
t /g << 1, te/tp <1
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II. THEORY

. A general solution 1s presented for pulsed HF chain reaction chemical
laser performance. A saturated laser is assumed. Results are then obtained
. for a uniform, a parabolic, and a power law variation, with time, of F-atom

production rate.

A. LASER PERFORMANCE

Consider a two-level model e
HFU + le = HF (2a)

where HF , HF,, and HF denote upper level, lower level, and net concentration

‘ of HF, respectively. Small signal gain is obtained from
g = 9(HF, - HF ) (2b) ';1j3
l The net concentration of HF {s determined only by the chain (pump) reaction,

which is discussed later and which is assumed to create HF in the upper level

only. Thus

- #HF .
diHF _ u -

i (Se), = (575, = wF (3) m

The net rate of change of HF, is then :3
’ dHF . M -

u o_ _ HF T i . _ 8l -
T = HF - (kg HF + : kg M) uF - & (4)

i where the first, second, and third terms on the right-hand side of Eq. (4) PV

denote pumping, collisional deactivation, and stimulated emission and absorp-
tion terms, respectively. The quantity k?; 1s the rate coefficient for

collisional deactivation of HF, by HF and is later shown to be the dominant
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Other
Eq.

collisional deactivation process for efficient-pulsed chemical lasers.

collision partners (HZ’ Foy He, F, and H) are denoted by M1 in Eq. (4).

(4) can be expressed in terms of g and HF by noting 2HFu = (g/o) + HF. The
result is
/9 -y - (1FF ur + T kMiM)(§+HF)--2-g—I (5)
dt cd ; cd i’'c 3
We consider a saturated laser, namely
g * 0, 1+ =, gl = E = finite (6)
where gl = E is the rate of photon energy release per unit volume. Eq. (5)
becomes
€ iE = HHF - kgg HZ 0 [(HHF )2 + 2B HHF ] (7a)
2,0 2,0 ’ 2,0 2,0
e o T et s K g o g )P+ 28 e (7w
2,0 2,0 2,0 * 2,0 2,0
where HZ 0 is the initial value of H2 and
M
- (" i S HFy
B [I ke M7, o kly) (7¢)

provided HF is a known function

Fqs. (7a, b, and c¢) define laser performance,
of time. The latter is evaluated in the following section.
B. CHAIN REACTION

HF is created by the chain reaction

RO AL IR SN ._.-_-_.'. Je et ~">"(~"-’4>"-.‘- Ve e e L e o
Sl S W T LY WY Sl LLLMLL'- PR CRT PR G R R G F P AT

.
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k

F+H, - (HF)_ + H "cold” (8a)

k

H+ F, — (HF), + F "hot" (8b)

2

where subscripts ¢ and h denote the cold and hot reaction, respectively. The

F-atom production per unit volume per unit time, due directly to flash or

. M .‘. J
electrombeam irradiation, 1is denoted by I-‘]3 . It follows that oy
.
FB z dFB/dt (9a)
t .
Fy = fo Fp dt (9b)
t .
F,_=/8 Fdt (9¢)

where Fg ¢ denotes the total number of F-atoms, per unit volume, generated
’

directly by the discharge. Rate equations corresponding to Eq. (8) are

dF/de = K F)H = k H,F + Fp (10a) i
di/dt = k H,F - ky F,H (10b) S
d
d(HF) /dt = k HyF = - dH,/dt (10¢) :
Lo
d(HF)y/dt = kyFoH = - dF,/dt (10d) -
dHF/dt = k HyF + kyF,H (10e)

11
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. Eqs. (10a) and (10b) indicate
F+H-= Fp (12)

Thus, the total number of F and H atoms, at any instant, equals the total

number of F-atoms generated up to that instant by the discharge.

It will be shown that the laser pulse time, t 1s short compared with

e’

the time required for the chain reaction to go to completion, tp. In the

e $1) Fp and Hy, in Eq. (10a), can then be
approximated by their initial values, namely

regime of interest (i.e., t/t

Fo/Fy g = Hp/Hy o = 1 + 0 (to/t)) 13

Eqs. (10a) and (12) become

dF , F : Sl

E + q = kh FZ’O FB + FB (148) - :‘

- where ;12'1

5 {

= -1 .

ty = (ko Hy o+ ky Fy o) (14b) -

3 The integral of Eq. (14) can be expressed as L_i_j

- -t/t t/t, . :

. _ _ tort t

) F = RFB + (1 R)e g © FB dt (15a)

12




—p——

H = +
R=¢e k k FZ,O/(kcH

hFan = Ky 2,0 ¥ ¥uF2,0) (15b)

Note that R is less than one. The quantity t, characterizes an initial tran-
sient and is small, in general, compared with the laser pulse time te (e.g.,
Appendix A). Use of a mean value for FB, in Eq. 15(a), indicates that for

times of the order of te

F=RFg [1+0 (t,/t)] (16)

The present solution for F is similar to the "steady state” solution in Refer-
ence 8. The quantity Fg in Eq. (16) replaces FB,T in the equivalent expres-
sion, Eq. (16), in Reference 8. The present solution may be viewed as a quasi
steady-state solution in that 1if, at "any {instant, the initfator pulse is
terminated, the F and H atom concentrations remain constant with time
thereafter. The corresponding values of F and H are given by Eqs. (16) and
(12), respectively. Substitution of Eqs. (12), (13), and (16) into Eq. (10e),

and integration, provides the variation of HF with time, namely

HF t B dt
7 H = fo F t (17
2,0 B,T p
where
t = (k RF, )} (18a)
P c B,T

characterizes the time for the chain reaction to go to completion. We intro-

duce, for future reference, the related parameter8
k. (F, ~/F, )(F, /0 )2
4,2 - 1 - h B,T""2,07*" 27270 (18b)
21,  KOE ¢ g JF L (g /K F, M),
2,0 "ed p cd
13

AL NS TR Rty

o




.\I‘ -l
RN
and observe the identity rr
‘b -.n *
M Q*‘-.\q
2 Y i e
B/(tp¢ ) : kg M (18¢c) Ny
(1§ 9%
2 :
The quantity ¢~ is a measure of the initiation strength, FB,T/FZ,O’ Typical S'I;
values of these parameters are noted in Appendix A. O
hOSe
Eqs. (7) and (17) define pulsed chain reaction chemical laser performance ?:éf
corresponding to a specified discharge~induced temporal variation of Fg. Nu- Li;i
. ’ -
merical results for uniform, parabolic, and power law variations of FB’ with ‘7r?
time, are deduced in the following sections. '*jx
N =
C. UNIFORM VALUE OF FB (ELECTRON BEAM) v_;'.,"-
3 '."-‘:.4
The rate of F-atom production by the electron beam, FB’ is assumed to be b

a constant during the electron-beam discharge time, tp (Fig. 2). The case of .
an arbitrary magnitude of FB is first considered. Limiting solutions corre- ;i:j
sponding to relatively small and relatively large magnitudes of FB are then i jﬂja
noted. {;_-
1.  ARBITRARY INITIATION LEVEL :
The concentration of discharge-produced F-atoms, at any instant, is ;

-“ .
(Fig. 2) E?"
= < ._'T::;‘
FB/FB’T 4 L <1 (19a) S
=1 2 (19b) Tl
.:"'._

where § = t/tB: The resulting concentration of HF is, from Eq. (17), jl}x

¢ _
1 °p WF 1 —
_—— - — < =
7 T W 5 o<1 (20a) T

w
~
o

-

> 1 (20b)
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Substitution of Eq. (20) into Eq. (7) provides the variation of laser intem

sity E and output E as a function of time. The result for laser intensity is

t E t
P ( 1 __B_CZ)Z (1 + 2 _EE_.] r <1 (21a)
€ H2,0 2¢ € ty .2
1 ts 2 p B
=1-L B - +22 2 51 @b

2% ¢t Tt 2C -1
|3

where ¢ has been defined in Eq. (18). The net energy liberated, up to time 3,

is
t 2 2 5
p E g (1 B) ( 10 'p B 4
P_E > =) (1 + .___)— r <1 (22a)
ty € “2,0 2 7% t 3 ty ’2 5
ce -1 fmy2 s - 1P e,
- 2% t, 30
t B 2
P o3(k -1)" + 1] L <1 (22b)
tB 6

The laser pulse length Ce is determined by finding the value of g, other

than ¢ = 0, for which E = 0 in Eq. (21). The dependence of Ce on ¢tp/tB and 4/B

is found from

T, = (20 23 1 RT3 <1 (23a)
B ty oo
X
=1 P | 211/2 _ B >
’e‘2+2c8‘“+() 3 t.>1  (23b)
16
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The corresponding net laser output energy Ee is determined from Eqs. (22) and
(23). The case §e ? 1 1is of primary interest since this corresponds to situa-
tions where the discharge time ty is less than or equal to the laser pulse

time te.

Eqs. (20) to (23) provide a general solution for electron-beaminitiated
chemical lasers. The dependent variables are functions of { and the param-
eters ¢ tp/tE and B/¢. It 1s convenient to consider the solution in the
limits ($/B)

initiation,8 respectively, and are obtained herein.

<< 1 and (B/9) << 1. These limits are termed weak and strong

2. WEAK INITIATION (¢/B)2 «1

The evaluation of Eqs. (21) to (23) in the present limit yields

26% €, o t/2 2
B —— ————— <
T, == : 1+ of —) | b ¢ 1 (24a)
2
R
LT s oy >
A L+ o] e T D
B E, g ¢ Cl/z 2
> =,5._[1+o( = )1 L, <1 (25a)
¢ 2,0
it i+ o B t,? 1 (25b)
7 3 ) B e
(2t - 1)
e
t Lo
p C ."..‘_.'
P -1 -2 g <1 (26) NG
€ HZ,O Ce e RN
3 = o1 - ) T <1, 0,21 (27a)
- ©
!?
- 17
b .
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20 -1

-1————
ZCe 1

L >1, 5,21 (27b)

Eqs. (24) to (27) provide the laser pulse length Ce’ the net output energy E_,
and the variation of laser intensity E with time g. For convenience, the

error terms are not explicitly displayed in Eqs. (26) and (27).

When Ce < 1, the electron beam continues to create F-atoms after the las-
ing pulse is over. The latter play no role in the lasing process. For ce <1,
the F-atoms created during the actual lasing process equal F =¢ F .

2 B,e e B,T
As a result, the parameters ¢ and tB/tp appear in the form Ce ¢~ and Ce tB/tp
in Eqs. (24a) and (25a). That 1s, laser performance depends only on the F-

atoms created during the lasing process, as expected.
Additional discussion of these results 1is provided in Section III.
3.  STRONG INITIATION (B/¢) << 1

Eqs. (21) to (23) become, in the present limit,

2¢ tp 2/3 B
¢, = () [1+ 0(——m)] g, <1 (28a)
B ¢ L,
1 B
=3+ _EtB (1 + o] g, 21 (28b)
1 Ee 3 1/2 B
3 TH =z, [1+ 0(—-—7—1 2)] Lo €1 (29a)
2,0 L
2 [ 1 1 B
=5l -1 11 + 0] g > 1 (29b)
3 10 e - 1y3 ¢ e
e
E
P 7 3
L =1 - ()] r <1 (30)
€ HZ,O ;e e
18




3
- g1 - —___—E__-TE] <1, ¢,>1 (3la)
(2 - 1)
e
=1 - (_Zé_z_lT]Z £>1,5,21 (31b)

2Ce -

where the error terms are again omitted from Egs. (30) and (31).

ST AHEEY. L e

Dependent variables in Eqs. (28a) and (29a) depend on ¢2 ;e and (tB/tp)ce

for reasons discussed previously.

RIS S

l D. PARABOLIC VARIATION OF FB (FLASH LAMP)

The quantity FB is now assumed to have a parabolic variation with time

(Fig. 2). The parabolic variation approximates F-atom production by a flash

lamp.3 The case of an arbitrary initiation level is treated. Limiting solu-

tions for weak and strong initiation are then noted.

1. ARBITRARY INITIATION LEVEL

The concentration of F-atoms produced by the flash lamp is

tB FB/FB,T = 6Z(1 - ) z <1 (32a)
=0 z>1 (32b) :
2
FB/FB,T = 32° [1 - (2/3)z] g <1 (32¢)
=] z 21 (324d) -

Nadld

The resulting HF concentration is :-ﬂfi

t
%C_P ﬁ*i -3 - 3 g <1 (33a)
B 2,0

z > 1 (33b)

N —

=C—

and the variation of laser intensity with time {is
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t E t 4 4 Bt
20, 2,y _(_By2 (3 _&y,3_¢ o
e—gz—o-ac (1-%5¢) - G767 -390 -5+ B T <1 (34a)
’ p B
t Bt
=1-(2)2 -4 (-1 P
1 ($—E;) ¢4 2) (z 5+ & ) g >1 (34b)

Integration of Eq. (34) provides the net energy output up to time Z,

t 4 t 7 8 9 Bt 4 5
P _E 3.5 _( By2E % & L _P(E _%t <
T TH -G et -] s Gsa)
B 2,0 p
t 3 2 Bt R
1 B 2 (¢ g 4 19 p 2 3 R
- - — - —_— e — - - - ? . .
: Tt—p) - tismrre & mrr)l 21 G
The laser pulse length, corresponding to E = 0 in Eq. (34), is determined from ?{}{
oy
b, B2t = SO ) i
= — g7 - =+ <1 (36a) T
ty 2 (3 - 2%, ‘e 2 t, e =
¢ F
1o 125 By21/2 By N s
t.=3*5 e € - % 2, > 1 (36b) o

OQutput power per pulse is obtained by evaluating Eq. (35) at values of Ce de-
fined by Eq. (36). Limiting solutions for weak and strong initiation are

noted herein.
2. WEAK INITIATION ($/B)% << 1

In the present 1limit, the solutions for pulse length, energy, and

intensity become, respectively

2
$ tp Ce(2 -%)

_ e b 2
Bt, 203 - %) (140G te €1 (373)
-, -Dl1+0 (%)2] .21 (37h)
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2 2
B Ee fe 3 2Ce) (5 -4 Ce + Ce)
2 TR, " ) <1 (8
$ 2,0 5(2 - Ce)
,2
2(5‘,e - SCe + 1)
= 3 L. 21 (38b)
5(ZCe -1
tp 2 3 -2¢ 5 (2 -1%)
= - - <
EH o -y [T -2yl fe <t 09
2,0 e e e
o2 - ay - 2= 8) E<1,2. >1 (39b)
(2Ce -1) * e
(-1 > >
1 Ry £>1,8 %1 (39%)
The F-atoms generated by the flash up to time & 1s, for 3 < 1, Fp _/F
e e B,e’ "B,

T= ; Hence, the parameters

¢’2

(3 -2
fﬁ (3 -2 ) and (tp/t,) 2 o-n)t

3. STRONG INITIATION (B/¢) << 1

Corresponding results for strong init

$2 and tB/tp appear as the products

n Eqs. (37a) and (38a).

fation are

ot ci Q@ - ce)z 1/2 .
= —— ——e e e I; <
2= ] oGl e ¢ (40
B e e
1 B
= Z -— —_ o« >
( e 2) [t+o0 (¢)] Lo 21 (40b)
. E, V2 | 8(3 - 20 ) : 7, 7:2 W <
— =z (3-28) [ - 1 - =2+ oz, (41a)
s o e e 72 - )3 8 36
8z - 12;2 + 60 = (19/21)
=1 - —= T . 21 (41b)
325, - 1)
21
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t _ 2
2,0 e L2 -t e
6 L 2
%3 -2y -2 222 c<1,E 21  (42b)
(%, - 1)
(25 - 1)2
=1l t 21,8, 21 (42)
4 - .
(Z,e 1) .
For ;e < 1, the output energy Ee/e H2,0 is proportional to ¢Ce(3 - ZCe)l/2 and LS

a function of Ce which varies from 40/63 to 4/7 as %, varies from 1 to O.
Hence, the output energy is essentially proportional to the F-atoms created by ?Qlff

the flash lamp during the lasing process.

E. POWER LAW VARIATION OF EB

A power law variation of FB with time 1is now considered (Fig. 3). The
objective is to determine the effect of the power law exponent on laser

performance.

1. ARBITRARY INITIATION LEVEL

We assume that F-atoms are created by a discharge according to the power

law

Fy = at™/n n>o0 (43a)

where a and n are known constants. The discharge is assumed to continue until

lasing 1s complete. Thus, for the present case, tp = t,. These quantities
2 R
are deduced in the course of the solution. The parameters ¢~ and tp are v

functions of
Fp m = at'/n (43b)
B,T e

which is known when te is determined.

In terms of 5, the regime of interest 1s 5 < 1 and Ce = 1. It follows

that for 5 < 1,
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Fg/Fg,r = &" (44a)

t n+1
1 p HF _% (44b)
2 tB HZ,O n+1
t E t n+1 n+1 Bt
p I B .2¢ g p
€ H ¢ G2 =TI n+1+t) (44c)
2,0 p B

The effect of n on Fy is illustrated in Fig. 3. The case n * 0 corresponds to
a discharge where all the F-atoms are generated at t = 0 (i.e., tB/te <K 1).
The case n = 1 corresponds to a uniform electron-beam discharge with tB/te = 1.
The case n * ® corresponds to the situation where most of the F-atoms are
created at the end of the laser pulse. Since Ce = 1, for the present case,

the quantities te and ty are interchangeable and are obtained from Eq. (44c).

Thus
- rte =L {le + HYV2E (452)
n+1 tp 2 [ ]
Integration of Eq. (44c), and evaluation at Ce = ] provides the laser output
power
t E t Bt /t
P e .4 e 2 1 p_e
SR G cp) e oy o B CLL)
4

where ¢tp/te is obtained from Eq. (45a). The solution depends only on B/4¢.

The limits of weak and strong initiation are as follows.

2. WEAK INITIATION (¢/B)2 K1

t E
1 B e B e $.2
— S =2 (n+2) =1+ 0(3) (46a)
n+1 ¢2 t ¢2 € HZ,O B
: n
tp E/ (€ HZ,O) =7 (1 -%) (46b)
24
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From Eq. (46a)

M
t, = (n+ 1/« M, ) (46¢c)

i
{ cd

Hence, t, is known and all other laser properties can be deduced from Egs.

(43) and (46).
3. STRONG INITIATION (B/%) << 1

1 te on+31 Fe

n+1d’>tp n+ 2 $8H2’0

=1+ 0(§> (467a)

2

3 E/ (¢ My, )=t - + 2y (47b)

From Eq. (47a)

t
cdfefe (@t 1) (nt2)
¢ LX) (47¢)

laser properties are deduced from Eqs. (43) and (47).
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IITI. DISCUSSION oy
..
RN
Results deduced in the previous section are summarized in Table 1 and are A

J'l

NN

discussed herein. In particular, the physical significance of the parameters

associated with weak and strong initiation is noted. The effect of initiation :
pulse length on laser performance, the region of validity of the present Ef»fﬂa

theory, and improved scaling laws are then discussed. x}{'

A. PHYSICAL SIGNIFICANCE OF PARAMETERS

Typical values of parameters are listed in Appendix A. 1If kinetic rate

coefficients are based on values at T = 3006 K, the quantities B and ¢2 become

- M
i H
g Kea s 1 K 3 -2
Rzt &€ -0.,8 x 10 (48a)
2 H kHF 2 kHF
2,0 "cd cd
(F, /F. Y(F./H,)2
N
¢2 = 0.50 B, T 2,0 2" 2 (48b)

T+ 0.09% (F,/8,),

The approximation in Eq. (48a) is generally correct to about 107 (Appendix A)
and is based on the assumption that Hy, is the major collisional deactivator
for species other than HF. In the latter c;;e, B is independent of stoichiom-
etry and 1is of the order of 10_2. The parameter ¢2 is dependent upon

stoichiometry.

Let (HF), denote the amount of HF generated during the laser pulse. This

quantity may be approximated from Eq. (17) by

(HF), e F
ZHy g o Fypty t Fap

(49) S

where the symbol ~ denotes order of magnitude. Eq. (49) is used to character-~
ize the role of HF as a collisional deactivation partner for the weak and

(3 ~
strong initiation cases. 7frj
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1. WEAK INITIATION (¢/B)2 << 1

In the weak initiation regime, the laser pulse length is (e.g., Table 1)

t = (3 kMi m )l g (e 50)
e i cd 1§ 1 e) (

where fl(ce) denotes a function of Ce. Thus, the laser pulse length is of the
order of the time for collisional deactivation of HF by species other than HF
(generally, HZ)- Substitution of Eqs. (49) and (50) into Eqs. (7) and (18)
indicate, for FB,T/FB,e =0 (1),

(51)

Thus (¢/B)2, which 1s assumed small in the present limit, equals the ratio of
the rate of deactivation of HF, by HF to the rate of deactivation of HF, by
all other species. The assumption that (¢/B)2 is small indicates that the
amount of HF produced during the lasing process is so small that its contribu-
tion to the collisional deactivation of HF, is negligible. Eq. (50) is a con-
sequence of this situation. It also follows (from Table 1)
E 2
e ¢
— = — () (52)
€
HZ,O B 2Ye
where fz(Ce) denotes a function of Ce. Hence, the chemical efficiency is very
low. Note that Ee/e HZ,O has a linear dependent on FB,T/FZ,O as noted in

Reference 8.
2. STRONG INITIATION (B/¢) << 1

In the strong initiation regime, t, ~ é tp (Table 1) and for FB,T/FB,e =
0(1),

L . (53
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Thus, B/¢ is the ratio of the rate of collisional deactivation of HFu by %2?
specles M; to the rate of collisional deactivation by HF. The assumption j::
B/¢ <<1 implies that HF is the major collisional deactivation partner. In r‘h
L e ol
this regime o
Ee/(e HZ’O) = ¢ f3(ce) (54a) {_
[ S
-
r'. >
’ HF -1
- HZ,O te (kCd 9) fA(Ce) (54b) :
"E HF -1 e
- = - '
| Et, /e = (k) £5(5,) (54¢) :
1/2 :
. € .
Eq. (54a) 1indicates that E./( HZ,O) is proportional to (FB,T/FZ,O) The

square root dependence may be compared with the linear dependence in Eq. (52).

Note that Eq. (54a) does not depend on H, 5 when 0.094(F2/H2)0 << 1. Equation
1

(54c) indicates that the product Eete is independent of stoichiometry.

B. INITIATOR PULSE LENGTH EFFECT

The effect on laser performance of the initiator pulse length parameter LN

5;1 and the power law exponent, n, can be readily deduced from Table 1.

The dependent variables in Table 1 are normalized to equal one in the -
limit of a short initiator pulse (C;1 = 0 orn=20)., Inthe weak initiation E:::
regime, an increase of C;l from 0 to 1.0 results in a decrement of laser out- ;;}J
put energy of 20 and 33~1/3% for the flash lamp and electron-beam initiations, :;%;
respectively. The results in the strong initiation regime are of major inte- ;?i
rest. As C;l increases from 0 to 1.0, the laser output energy is reduced by a F\".
factor of only 5 and 10% for the flash lamp and the electron-beam, respective- )
ly. For the power law initiator, the energy decrement in the strong initia-
tion regime is only 25% in the limit n * ®. (In the latter limit the F-atoms
are created essentially at the end of the laser pulse.) The laser pulse ' gi“
length, t,, is increased by a factor of two, as C;l increases from O to 1, for :Ti
both the flash lamp and the electron beam. The same factor of two applies for ‘:Q;
weak as well as strong initiation. The agreement between the flash lamp and e

. r-
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electron-beam cases appears to be fortuitous, since the laser pulse length has

a value n + 1 for power law initiation. Hence, the pulse length 138 increased

F .'.l

4
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»
'I
L,

i
"_ .‘. il

1

as the F-atom generation is deferred to the end of the laser pulse.

N ]

The relative insensitivity of saturated laser output energy to initiator

P

LR
LAY "‘
[ g

’
f]
Pl
v ¥,
v
L

beam duration, in the strong initiation region, can be readily explained. The
laser pulse terminates when the rate of creation of HF equals its rate of
collisional deactivation. In the strong initiation regime, HF is the major
collisional deactivator. Hence, lasing does not terminate until sufficient HF
has been created. But saturated laser output energy also depends on the
amount of HF generated during the laser pulse. Hence, the output energy is
relatively insensitive to the initiator discharge pulse shape (e.g., n). The
length of the laser pulse, however, is dependent on n since the laser pulse

will not terminate untfl sufficient HF has been created. The sensitivity of

laser output energy to initiator pulse length is expected to increase with a
decrease in laser saturation.

The results for C;l =  1in Table 1, reflect the earlier observation 'l%{%

e.g., Eq. (24a), that laser performance depends on F-atom generation during
the actual laser pulse. Alternate parameters (e.g., replacement of FB,T by Ef:*

Fg o) should be used when C;l is considerably larger than one.
’

The assumption te/tp << 1 has been employed. As shown in Table 1, the ;ﬁ'f
solution for a power law initiator is limited to values of n in the range (n + fiel
1) ¢2/B and (n + 1) << 1/¢ for the weak and strong initiation regimes,

respectively.

An experimental study of the effect of electron—-beam duration on pulsed

chemical laser performance was reported in Reference 9. Experimental results ;

for a fixed value of FB,T (e.g., 3.5 UCb/cmz) showed that as the electron-beanm Ti*f
duration was increased from 0.07 to 0.6 Usec, the laser output energy remained e
the same, and the laser pulse length, FWHM, increased from 0.5 to 0.8 Hsec. ::;;
If it is assumed that ty is approximately equal to two times FWHM, the experi-~ 1;;
mental results correspond to C;l = 0,07 and 0.38, respectively. The present %ii
analytical wodel predicts no change in output energy, Eq. (29), and a 20% f:€
increase Iin laser pulse length, Eq. (28). The energy prediction is in exact &:5

. [ S

31

...... B U S -‘~.‘,'."-" R S
PR N R N PRI R VAP A




agreement with the experiment. The laser pulse length prediction, however, is

only in fair agreement with the 607 increase indicated by the experiment.

c. LASER PULSE SHAPFE

The variation of laser output intensity with time in the weak and strong
initiation regimes is 1llustrated in Figs. 4 and 5. When C;I = 0, the peak
intensity occurs at ;/ce = 0. With increase in c;l, the peak intensity occurs
at 1increased values of c/ce. Let cm denote the location of the peak inten-

sity. For an electron-beam initiator, the value of Cm is obtained from:

1. WEAK INITIATION

/% = ¢ g0 < 2/3 (55a)

-1
(2Ce - 1)/(2Ce) (2/3) < e <1 (55b)

2. STRONG INITIATION

= c; < 2/3 (56a)

I

(2¢ e 1) 2/3

2
= = < < 5
> L, 7 < ¢ 1 (56b)

Thus, for c;l < 2/3, the peak intensity occurs at the end of initiator pulse

(i.e., Cm = 1). For 2/3 < c;l < 1, the peak intensity occurs in the range
2/3 > ;m/Ce > 1/2 and 2/3 > cm/ce > 0.630 for weak and strong electron-beam
initiation, respectively.

Experimental results for the variation of laser intensity with time are

given in Fig. 6 for the strong electron-beam initiation case.9 The experi-

1

mental data indicate ;m/ce = 0.25, 0.6 for c; = 0.25, 1.0, respectively.
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These results are in exact agreement with the analytic prediction, Eq. (56).

Further comparisons are desirable for 2/3 < C;l < 1, however, because of the

nonanalytic form of the pulse shape in Fig. 6(b).

The variation of laser intensity with time, for a flash-initiated laser

in the strong initiation regime is given in Fig. 7.3

indicate Cm/Ce = 0.44 and C;l = 0.65. The experimental variation of inten- ;‘-

The experimental data

sity with time, however, appears to correlate more closely with the results
for C;l = 1/4, 1/2 in Fig. 7. Further comparisons are also needed for the

flash~-initiated case.

D. REGION OF VALIDITY

The present theory is self-consistent provided the inequalities in Eq.

(1) are satisfied. Consideration of Eqs. (14b) and (18b) indicates that tt/tp

l is of the order of ¢2. Moreover, te/tp is of order ¢;/B and ¢ in the weak and
strong initiation regimes, respectively [e.g., Eqs. (24), (28), (37), (40)].

Hence, the present theory is self-consistent when ¢ < 1. The weak and strong 5

initiation regimes are thus bounded by

2 << B2 weak E: -
B < ¢ <<1 strong :}?::
RS
l An improved treatment of the chain reaction is needed when ¢ is of the order
. of one.
: E. IMPROVED SCALING LAWS
i The numerical coefficients that appear in the present scaling laws are

expected to be in error because of the simplified two-level model. Improved
coefficients were obtained in Reference 8, for the case C;l = 0, by comparing RRGh
the theoretical expressions with experimental data. The improved scaling laws oo
] ) noted in Reference 8 are now generalized to include the effect of C;l* 0 as ;
deduced herein. The case of an electron-beam initiated HF laser, strong
initiation region, and 0 < C;l €1 is considered. From Eqs. (28) and (29) and

Eq. (34) of Reference 8, and for 0.02 < ¥ < 1 (strong initfation),
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—2 « 4.6 4(1 - J 5) :
HZ,O 10(2(e - 1) cm” atm
-1
-8 Ce
p t =2.4x10 /[v Q1 -—=—)] atm sec
H e 2
2,0
c-l
Ee, = 0.1 % 1070 (1 - ——E /a1 - T deee
10(2Ce -1 cm

where p“2 0 is the partial pressure of H, in atmospheres and
»

2n " R, | ) -
Vo= - 1 + 0.094 |——
2,0 Hz 0 HZ 0

Eq. (57), evaluated at ;;1 = 1, applies for c;l > 1 provided FB,T in Eq.

is replaced by FB,e'

38
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IV. CONCLUDING REMARKS

The present study 1s a generalization of Reference 8 and effects of
C;l # 0 are investigated. However, the deactivation model in Reference 8 dif-

fers somewhat from the model used herein, as 1s discussed in Appendix B.

The results of the present study are summarized in Table 1. The major
conclusion is that, in the strong initiation regime, output energy is rela-

1 1

tively insensitive to C; in the range 0 < C; < 1.

The replacement of the parameter ¢2 by ¢2 FB,e/FB r would be physically
meaningful, for C;l > 1, since the latter is based ;n the F-atoms created
during the lasing process FB,e’ whereas the former is based on the total F-
atom production FB,T' The parameter ¢2 was used herein since it is a known
system parameter. The quantity ¢2FB,e/FB,T might be useful, however, for cor-

relating experimental data.
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APPENDIX A

TYPICAL VALUES OF PARAMETERS

RATE COEFFICIENTS® (T = 300 K, k = cm3/mole-sec)

k. = 1.09 x 103 kF. =1.73 x 1011
c cd
k, = 1.02 x 1012 k' = 1.39 x 10!
h cd
(A1)
HF 12 He 6
kiD= 1.01 x 10 kog = 3:74 x 10
H Fy
k"2 = 1.80 x 1010 k ¢ =1.87 x10%
cd
cd
INITIAL CONDITIONS (strong initiation case)
HZ,O/FZ,O/HE = 1/2/7
Fg 7/Fy o = 10~2
] ]
(A-2)
p=1atm U
T = 300 K s
‘-:..‘.."
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PARAMETERS From Eqs. (A-1) and (A-2)

R = 0.158
H H F
2 e 2 F H
k + + -
. cd Ha0 P KegHe Y eg Fy o ¥ R g(RFg ) + k4 [ = RIF 4]
iF
2 H2,0 kcd
= 1.03 x 1072
H,
1 kcd -2
2 ¥ = 0.89 X 10
cd
¢ =1.30 x107}
B/¢ = 0.792 x107!
- -3
tt/tp 2.66 10
t /t. =1.30 x 107! (5;1 = 0)
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APPENDIX B
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COMPARISON WITH REFERENCE 8 -:::.
:\}x:
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Pulsed chemical-laser performance is deduced in Reference 8 for Ce =0

and arbitrary degrees of saturation. The present study is a generalization of
Reference 8 and treats a saturated pulsed chemical laser for arbitrary values
of Ce. However, the rate of collisional deactivation by HF is treated some-
what differently in each study. The deactivation term in Reference 8, Eq.
(23b), 1is kzg (HF)e HFu which employs (HF)e to characterize the concentration
of HF collision partners. This approximation was introduced to provide simple
closed-form solutions in the case of arbitrary degrees of saturation. The
corresponding term 1in the present study, Eq. (4), is kgs HF HF,, which is
exact but permits closed-form solutions only in the case of a saturated laser.

The functional form of the present theory, in the limit C;I = 0, agrees with

Reference 8. Certain numerical coefficients differ, however, in the strong

initiation limit. 1In view of the simplified two-level model used herein, and

in Reference 8, the functional form of the solutions is the main concern.

Numerical coefficients should be adjusted to conform with experimental data as K
in Eq. (57). -
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, ) V-t
k.
- By
- B collisional deactivation rate ratio parameter, Eq. (7¢) ?ﬁf
] r:'q" Y
E laser output energy per unit volume up to time t, Eq. (7b) (‘d;
FB F-atoms per unit volume generated by initfator beam, Eq. (9) ? fe
. fn(Ce) function of T , n = 1, 2, «.. 5 Ei
g small signal gain, Eq. (2b) ii
t_ -
I local photon flux g:i_
k rate coefficient, cm3/mole~sec o :
wr M1 e
kog? X.g rate coefficients for collisional deactivation, Eq. (4) L
P"'“l'
My species other than HF | N—
n power law exponent, Eq. (4323) k
R chain reaction parameter, Eq. (15b) Q

t time, sec L___

tgs te initiator pulse time and laser pulse time, respectively, Egs.
(9¢) and (23a)
tes tp initial transient and overall time for chain reaction, Eqs. (l4b) . o -
and (18a) L__f
P > energy per mole of photons, 44.0 KJ/mole for A = 2.72 im
; g, Ce normalized time; t/tB, te/tB
’ o stimilated emission cross section, Eq. (2b)
® initiation strength parameter, Eq. (18b)
= v alternate initiation parameter, Eq. (57d)
SUBSCRIPTS
; B pertaining to initiator beam
c cold reaction, Eq. (8a)
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T

N cd collisional deactivation

x

e end of laser pulse

- h hot reaction, Eq. (8b)
‘g L lower vibrational level, Eq. (2a)
‘ .
m time corresponding to peak value of E , Eq. (55)
. p pumping reaction, Eq. (3)
’ u upper vibrational level, Eq. (2a)
T total value, Eq. (9)
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conductfing
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military space systems. Versatilicy .
and flexibility have heen developed to a high degree by the laboratory person- v
nel in dealing with the many problems encounteced in the nation's rapidly k
developing space systems, Expertise in the latest sclentifi: developments is
vital to the accomplishment of tasks related to these problems. The labora=-
tories that contribute to this research are:

Aerophysics Laboratory: Llaunch vehicle and reentry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, environmental hazards, trace detection; spacecraft structural
mechanics, contamination, thermal and structural control; high temperature
thermomechanics, gas kinetics and radiation; cw and pulsed laser development

including chemical kinetics, spectroscopy, optical resonators, beam control,
atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia~-
tion transport in rocket plumes, applied laser spectroscopy, laser cheafistry,
faser optoelectronics, solar cell physics, battery electrochemistry, space
vacuum and radiation effects on materials, lubrication and surface phenomena,
thermtonic emission, photosensitive materials and detectors, atomic freguency
atandards, and environmental chemistry,

Flectronica Research lahoratory: Microelectronics, GaAs low noise and .
power devices, semiconductor lasers, electromagnetic and optical propagation .
phenomena, gquantum electronics, laser communications, lidar, and electro- .

optics; communication sciences, applied electronics, semiconductor crystal and -
device physics, radiometric imaging; millimeter wave, microwave technology, t
and RF systems research.

Information Sclences Research Office: Program verification, program
translatfon, performance-gsensitive system design, distributed architectures
for spaceborne computers, fault-tolerant computer systems, artificial intel-
ligence and microelectronics applications.

Materials Sciences Laboratory: Development of new materials: metal i
matrix composites, polymers, and new forms of carbon; nondestructive evalua~ ,'
tion, component faflure analysis and reliability; fracture msechanics and -
atress corrosion; analysis and evaluation of materials at cryogenic and .
elevated temperatures as well as in space and enemy-induced environments.

Space Sclences Laboratory: Magnetospheric, auroral and cosmic ray phys-
ics, wave-particle interactions, magnetospheric plasma waves; atmospheric and
fonospheric physice, density and composition of the upper atmosphere, remote

sensing using atmospheric radistfon; solar physics, infrared astronomy, v
infraved signature analysis; effects of solar activity, magnetic storms and ‘
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere; - - -

effects of electromagnetic and particulate radiations on space systems; space
fnstrumentation.
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